Objective-The apolipoprotein A-I (apoA-I) mimetic peptide 4F favors the differentiation of human monocytes to an antiinflammatory phenotype and attenuates lipopolysaccharide (LPS)-induced inflammatory responses. We investigated the effects of LPS on the Toll-like receptor (TLR) signaling pathway in 4F-differentiated monocyte-derived macrophages. Methods and Results-Monocyte-derived macrophages were pretreated with 4F or vehicle for 7 days. 4F downregulated cell-surface TLRs (4, 5, and 6) as determined by flow cytometry. 4F attenuated the LPS-dependent upregulation of genes encoding TLR1, 2, and 6 and genes of the MyD88-dependent (CD14, MyD88, TRAF6, interleukin-1 receptor-associated kinase 4, and inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase beta) and MyD88-independent (interferon regulatory factor 3, TANK-binding kinase 1, and Toll-interleukin 1 receptor domain-containing adaptorinducing interferon-β) pathways as determined by microarray analysis and quantitative reverse transcriptase polymerase chain reaction. Functional analyses of monocyte-derived macrophages showed that 4F reduced LPS-dependent TLR4 recycling, phosphorylation of nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha, activation and translocation of nuclear factor-κB and inhibited the secretion of tumor necrosis factor-α and interleukin-6 induced by LPS or lipoteichoic acid. These changes were associated with depletion of cellular cholesterol and caveolin, components of membrane lipid rafts. Conclusion-These data suggest that disruption of rafts by 4F alters the assembly of TLR-ligand complexes in cell membranes and inhibits proinflammatory gene expression in monocyte-derived macrophages, thus attenuating the responsiveness of macrophages to LPS. 
R educed plasma levels of high-density lipoprotein (HDL) cholesterol are associated with cardiovascular disease and serve as an independent predictor of coronary risk.
1 HDL possesses anti-inflammatory and antioxidant properties that have been ascribed to apolipoprotein A-I (apoA-I), the major protein component of HDL. The ability of apoA-I to protect against atherogenic lesion formation has been studied extensively in animal models and humans. 2, 3 Strategies to manipulate HDL levels and its functional properties have recently included the use of apoA-I mimetic peptides. A family of these 18-residue, amphipathic peptides has been developed in our laboratory. 4 These peptides bear no sequence homology to apoA-I but mimic many of its physiological effects. Among this family of apoA-I mimetics, the peptide 4F has been extensively studied. [5] [6] [7] [8] Anti-inflammatory, antioxidant, and antiatherogenic properties of 4F have been reported under in vivo and in vitro conditions. 6, 7, 9 Beneficial effects of 4F have been ascribed to its ability to improve HDL function, as reflected by the conversion of HDL from a proinflammatory to an anti-inflammatory particle. Although both apoA-I and 4F have been shown to inhibit atherosclerosis, a major difference in the ability of each molecule to associate with oxidized lipids has been demonstrated. 10 The higher affinity binding of 4F to oxidized lipids could thus explain its efficacy in reducing vascular injury associated with the accumulation of reactive lipid metabolites. Our previous data suggest that the peptide also exerts direct protective effects at the cellular level, thus altering the response to inflammatory stimuli. 8 Both apoA-I and 4F mediate cholesterol efflux from macrophages and alter the composition and function of lipid rafts. 8 Cell-surface receptors and associated signaling molecules reside in rafts and require the scaffolding provided by these structures for their function. By virtue of their ability to mediate cholesterol efflux, apoA-I and 4F may thus regulate cellular activation processes and downstream signaling cascades.
Macrophages are a versatile and heterogeneous group of cells that vary in phenotype and function. They play a key role in inflammation, immunity, and lipid metabolism via the production of inflammatory mediators and cytokines. We previously reported that apoA-I and 4F alter macrophage phenotype by promoting the differentiation of monocytes to an alternatively activated M2 macrophage phenotype. 8 Previous studies show that M2 activation involves the induction of a new gene program in macrophages. 11 The present study was, therefore, undertaken to determine whether 4F induces genotypic changes that alter the responsiveness of these cells to proinflammatory stimuli. Our data show that 4F reduces the expression of genes that encode Toll-like receptor (TLR) family members and associated adaptor proteins. TLRs are a class of pattern recognition receptors that recognize pathogen-associated molecular patterns (PAMPs), highly conserved motifs present in bacteria, viruses, fungi, and protozoans 12 and initiate signals that activate innate immune responses. Ten TLR isoforms have been identified in human monocytes/macrophages. TLR1, 2, 4, 5, and 6 are present on the cell surface and recognize bacterial cell-surface PAMPs such as lipoteichoic acid (LTA) and lipopolysaccharide (LPS). TLR3, 8, and 9 are localized intracellularly and respond to nuclear components (DNA and RNA) of bacteria and viruses. 12 Herein, we show that the stimulation of TLR signaling genes by LPS is significantly attenuated in monocyte-derived macrophages (MDMs) previously treated with 4F. These changes were associated with a reduction in TLR4 recycling, nuclear factor-κB (NF-κB) activation/translocation, cytokine synthesis/ secretion, and cellular cholesterol content. It is proposed that 4F-mediated depletion of membrane cholesterol alters the TLR signaling pathway and confers cytoprotective responses of the peptide in a wide spectrum of inflammatory diseases.
Materials and Methods
Additional details in are given in the online-only Data Supplement.
Cell Culture Reagents
Cell culture medium RPMI1640 was obtained from American Tissue Culture Collection (USA). All other cell culture materials were obtained from Cellgro. Fetal bovine serum and Ficoll (Fico/ Lite LymphoH) were purchased from Sigma Chemical Co and Atlanta Biologicals (USA), respectively. Conjugated antibodies were obtained from BD Biochemicals (CA) and eBiosciences (CA). Details are mentioned in appropriate sections. LPS (Salmonella abortus equi.) was from Alexis, USA.
Peptide Synthesis
The apoA-I mimetic 4F, an 18-residue class A amphipathic helical peptide with the sequence Ac-DWFKAFYDKVAEKFKEAF-NH 2 , was synthesized by the solid-phase peptide synthesis method.
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Monocyte Cell Culture
Human subject protocols were approved by the Institutional Review Board of the University of Alabama at Birmingham. Monocytes were isolated from buffy coats (Research Blood Components, MA) obtained from healthy blood donors by Ficoll gradient and adherence as described by Smythies et al. 8 4F (50 μg/mL) or an equivalent volume of saline vehicle was added to the resulting MDMs on days 1 and 3. Cells were harvested on day 7.
Flow Cytometry
MDMs (2 × 10 6 ) were stained with conjugated monoclonal antibodies to various TLRs or control monoclonal antibodies of the same isotype and fluorochrome. Protein expression was monitored by flow cytometry using fluorescence minus one and our established techniques. 13 Data were evaluated by CellQuest software (BD Biosciences, CA).
Microarray
RNA was isolated from MDMs, and its purity was assessed by gel electrophoresis (Agilent 2100 Bioanalyzer). Transcriptional profiling was carried out using the Affymetrix Human Gene ST 1.0 Array in the University of Alabama at Birmingham Heflin Center for Genomic Science using standard methods (Affymetrix GeneChip Expression Technical Manual).
Microarray Data Analysis
Data were analyzed in GeneSpring GX using 1-way ANOVA and the multiple testing correction method of Benjamini-Hochberg.
14 A fold change cutoff of ≥ ±2 was used to generate downstream data sets. 15 To control for the occurrence of false discoveries in the data sets, a corrected P value (q-value) ≤0.05 was calculated. Data sets have been deposited in the National Center for Biotechnology Information's Gene Expression Omnibus repository (GEO submission No. GSE36933).
Ingenuity Pathway Analysis
The above data set was analyzed using Ingenuity Pathways Analysis software (version 9; Ingenuity Systems, www.ingenuity.com). Righttailed Fisher exact test was used to calculate a P value determining the probability that each biological function assigned to that data set is attributable to chance alone.
Quantitation of mRNA and Protein
Real-time polymerase chain reaction and Western Blotting were performed using standard techniques described in the online-only Data Supplement.
NF-κB Activation
IκBα and p-IκBα were quantified by immunoblotting. NF-κB activation was measured as described previously. 13 Phosphorylation of the NF-κBp65 subunit was measured by flow cytometry, whereas translocation of the NF-κBp50 subunit was quantified by ELISA using the TransAM NF-κB ELISA kit (Active Motif, CA).
Cytokine Measurements
LPS-mediated secretion of cytokines was measured by ELISA (BD Biosciences).
Cholesterol Efflux
Peptide-mediated cholesterol efflux was measured in MDMs, as previously described. 8 
Lipid Rafts
Cellular cholesterol was measured using an Amplex Red cholesterol assay kit (Molecular Probes, Eugene, OR). Caveolin-1, a protein component of lipid rafts, was measured by immunoblotting using a rabbit monoclonal antibody (Cell Signaling, MA).
Results
We previously reported that apoA-I and 4F favor the differentiation of human monocytes to an anti-inflammatory M2 phenotype that is resistant to activation by LPS. Importantly, the apoA-I-and 4F-induced macrophage differentiation was accompanied by a significant reduction in the expression of CD14 and TLR4. 8 It was proposed that downregulation of these LPS receptors may be the result of the disruption of lipid rafts by 4F because this peptide effluxes cholesterol from membranes and both CD14 and TLR4 are known to associate with lipid rafts. 16 In addition to TLR4, other TLRs expressed in the plasma membrane (including TLR1, 2, 4, 5, and 6) and CD14 are known to be recruited as monomers or heterodimers to lipid rafts upon activation. 16, 17 To determine whether the disruption of lipid rafts by 4F influences the expression of TLR1, 2, 4, 5, and 6, flow cytometry experiments were performed in MDMs that were pretreated with vehicle or 4F (Figure 1) . Mean fluorescence intensity, as well as the percentage of cells expressing these proteins, was measured using fluorescence minus one analysis. A significant decrease in TLR 4 and 5 protein expression was observed in MDMs treated with 4F compared with vehicle alone in terms of both the percentage of cells expressing each marker and the mean fluorescence intensity for individual cells (Figure 1) . A decrease in the expression of TLR1 and TLR2 was also noted but did not reach significance. Percentage of cells expressing TLR 6 expression was virtually undetectable in 4F-treated MDMs ( Figure 1C ). However, the mean fluorescence intensity for TLR 6 was similar in both vehicle-and 4F-treated cells ( Figure 1B) .
A Global View of the Effects of LPS on Gene Transcription in MDMs Pretreated With 4F
To better understand the anti-inflammatory mechanism(s) of 4F action at the molecular level, we examined the effects of the peptide on LPS-induced gene expression in MDMs using microarray analysis. Primary human monocytes were treated with 4F or vehicle for 7 days. After aspiration of the medium, cells from both treatment groups were treated with LPS (1 µg/mL) or vehicle for an additional 18 hours. RNA was extracted and subjected to microarray analysis. A total of 28 869 genes were examined and analyzed using GeneSpring software. The probe set was filtered on the basis of signal intensity values and by satisfying the upper and lower percentile cutoffs 20% to 100%, which yielded 23 233 genes that underwent further analyses. LPS significantly altered the expression levels of 5480 genes (P<0.05, q<0.05; ±1.5-fold cutoff) compared with vehicle-treated cells. Transcripts were grouped on the basis of their connectivity and from information contained in the Ingenuity Knowledge Base. Analysis of the top 5 networks using Ingenuity Pathways Analysis revealed the differential expression of genes regulating the following biological functions and disease categories: inflammatory response, antimicrobial response, cell morphology, lipid metabolism, and cell-to-cell signaling and interactions.
4F Modulates Genes of the TLR Pathway
Pretreatment of MDMs with 4F, followed by the addition of LPS, resulted in the upregulation of 2060 and downregulation of 3420 genes. Genes that were significantly (P<0.05, q<0.05) altered in the various treatment groups were analyzed. Prominent effects of the peptide on genes in the inflammatory response and disease category were noted. Specifically, the transcription of genes encoding TLRs, adaptor proteins, and downstream signaling intermediates was significantly reduced (Table) . Components of these signaling pathways have been described in the review by Kawai et al and the references therein. 18 Briefly, TLRs recognize and bind their respective ligands that may be present as heterodimers (eg, TLR1 and TLR2) or complexed to other adaptor molecules such as seen in TLR4-MD2-CD14 complex. Ligand binding leads to the recruitment of other adaptor molecules, including Toll-interleukin 1 receptor adaptor protein and myeloid differentiation primary response gene (MyD88). Recruitment of additional adaptor proteins and enzymes, including interleukin-1 receptor-associated kinase and IκB kinase, leads to the activation of transcription factors NF-κB and activator protein-1. These initiate the transcription and synthesis of cytokines and chemokines.
Effects of LPS on the expression of genes in TLR signaling pathways of 4F-and vehicle-treated MDMs are depicted in Figure 2 . Expression values for each mRNA were background adjusted and normalized against control (vehicle treatment) using GeneSpring software. Addition of LPS to vehicletreated MDMs resulted in the upregulation of TLR1, 2, and 6, whereas TLR5 was downregulated ( Figure 2A ). Gene expression for TLR4 was similar in MDMs treated with LPS and vehicle. 4F treatment of MDMs before the addition of LPS attenuated the effects of LPS on TLR gene expression. Under these conditions, expression levels of TLR1, 2, 4, 5, and 6 were all significantly reduced.
Recognition of PAMPs by TLRs generates a signal that is transmitted via adaptor molecules and kinases to the nucleus, thus initiating an inflammatory response. Effects of 4F on the LPS-mediated transcription of adaptor molecule genes were Figure 2B ). In contrast, a significant downregulation of all adaptor molecules was observed when LPS was added to cells that were pretreated with 4F. Activation of TLR-dependent signaling pathways results in the phosphorylation and activation of multiple cellular intermediates. Accordingly, we analyzed effects of 4F and LPS on the gene expression for kinases that are known to participate in inflammatory signaling pathways. Addition of LPS to vehicle-treated MDMs resulted in the upregulation of multiple kinases compared with vehicle controls ( Figure 2C ). In contrast, 4F pretreatment significantly attenuated the LPS-induced expression of these signaling intermediates compared with vehicle pretreatment.
TLR signaling pathways are activated by both a MyD88-dependent pathway (common to all TLRs, except TLR3) and a MyD88-independent pathway (specific to TLR3 and TLR4). 19 Because LPS is a TLR4 ligand, it activates TLR signaling via both pathways. To determine whether the inhibition of TLR signaling in 4F-treated MDMs was related to changes in the MyD88-independent pathway, we examined the effect of 4F on the expression of several components of this pathway. Specifically, the MyD88-independent genes interferon regulatory factor 3, sterile α and Toll-interleukin 1 receptor motif-containing 1, TANK-binding kinase 1, and Tollinterleukin 1 receptor domain-containing adaptor-inducing interferon-β (TRIF) were analyzed. Expression of interferon regulatory factor 3, TANK-binding kinase 1, and TRIF was upregulated by LPS in MDMs compared with vehicle controls (Figure 2D ), whereas sterile α and Toll-interleukin 1 receptor motif-containing 1, a negative regulator of TRIF-dependent TLR signaling, was downregulated. On the other hand, LPS treatment downregulated interferon regulatory factor 3, TANK-binding kinase 1, and TRIF in 4F-treated MDMs compared with vehicle pretreatment. Furthermore, the reduction in sterile α and Toll-interleukin 1 receptor motif-containing 1 expression elicited by LPS was attenuated in cells pretreated with 4F. These data suggest that 4F may limit inflammatory injury, in part, via inhibition of the TLR signaling pathway by downregulating components of both the MyD88-dependent and MyD88-independent pathways. The microarray data for key genes in the TLR pathway were validated by quantitative reverse transcriptase polymerase chain reaction ( Figure 2E ). Fold changes in the mRNA expression of TLR1, TLR2, TLR4, TLR5, TLR6, CD14, MyD88, IKBKB, TRIF, and interferon regulatory factor 3 (normalized to β-actin) were measured in MDMs that were pretreated with 4F or vehicle, followed by addition of LPS (Figure 2) . In each case, the decrease observed in the microarray data (Figure 2 ) was supported by quantitative reverse transcriptase polymerase chain reaction experiments. Western blots for some key gene products confirmed that the decrease in mRNA was associated with corresponding changes in protein levels ( Figure I in the online-only Data Supplement).
4F Impairs the Phosphorylation and Nuclear Translocation of NF-κBp65
Binding of LPS to TLR4 induces a signaling pathway that involves interleukin 1 receptor adaptor protein, MyD88, interleukin-1 receptor-associated kinase, TRAF6, and IκB kinase. A series of phosphorylation reactions leads to the activation and translocation of NF-κB, which plays a key role in inducing inflammatory genes. NF-κB is a heterodimer of p65 and p50 subunits and is sequestered in the cytoplasm by inhibitor IκB proteins. 20 Phosphorylation of IκBα leads to its degradation through ubiquitination and the concomitant release of NF-κB, which translocates to the nucleus and induces the expression of inflammatory genes. Because our data suggested that 4F downregulated genes encoding adaptor molecules and kinases that promote the activation of NF-κB, we monitored effects of the peptide on the LPS-dependent phosphorylation of IκBα. MDMs were pretreated with 4F or vehicle, followed by exposure to LPS (1 μg/mL) for 30 minutes. Cell lysates were subjected to electrophoresis and immunoblotted for IκBα and p-IκBα. A representative blot is shown in Figure 3A . LPS treatment of control MDMs reduced IκBα with a concomitant increase in p-IκBα (p-IκBα/IκBα ratio increased from 0.17 to 0.9). In contrast, IκBα expression was reduced in 4F-treated MDMs compared with vehicletreated cells (65% reduction), which was not altered by LPS. Furthermore, expression of p-IκBα was significantly reduced in 4F-treated cells (p-IκBα/IκBα ratio increased from 0.07 to 0.1), reflecting stabilization of the NF-κB/IκBα complex.
Several studies have shown that phosphorylation of the p65 subunit of NF-κB enhances the transactivation potential of NF-κB and is required for the optimal induction of NF-κB target genes. 20, 21 Therefore, we also studied the phosphorylation and translocation of NF-κB using flow cytometry and ELISA methods. MDMs that were pretreated with 4F or vehicle were exposed to LPS (1 μg/mL) for 5 minutes, an exposure period associated with optimal phosphorylation of NF-κBp65 in blood monocytes. 13 4F treatment reduced LPS-dependent p-NF-κBp65 formation by 80% compared with MDMs that were pretreated with vehicle ( Figure 3B-3D) . The reduction in p-NF-κBp65 was seen both as percentage of cells expressing p-NF-κBp65 ( Figure 3C ) and as mean fluorescence intensity ( Figure 3D) .
In subsequent studies, we tested effects of 4F on the nuclear translocation of activated NF-κB by measuring nuclear Monocyte-derived macrophages (MDMs) were pretreated with 4F (white bars) or vehicle (black bars) for 7 days and then stimulated with LPS (1 μg/mL) for 18 hours. RNA was extracted, and transcriptional profiling was carried out using the Affymetrix Human Gene ST1.0 array. Absolute mRNA levels obtained were normalized to unstimulated MDMs, pretreated with vehicle. Data are means±SEM (n=4; P<0.05 across all treatments). A, Effect of LPS on the expression of surface TLRs; (B) effect of LPS on adaptor molecules; (C) effect of LPS on enzymes of the TLR signaling pathway; and (D) effect of LPS on expression of genes of the MyD88-independent pathway. E, mRNA levels of key genes in the TLR pathway in MDMs pretreated with vehicle (black bars) or 4F (white bars) for 7 days and stimulated with LPS (1 µg/mL) for 18 hours. The data are normalized to β-actin. Values are means±SEM (n=4). IRAK2 indicates interleukin-1 receptor-associated kinase 2; TRIF, Toll-interleukin 1 receptor domain-containing adaptor-inducing interferon-β; TBK1, TANK-binding kinase 1; SARM1, sterile α and Toll-interleukin 1 receptor motif-containing 1; IRF3, interferon regulatory factor 3; IKBKG, inhibitor of nuclear factor kappa-B kinase subunit gamma; MAP, mitogen-activated protein.
NF-κBp50 content. Previous studies in blood monocytes showed that this is a time-dependent phenomenon, with maximum translocation observed at 60 minutes. 13 Accordingly, we tested effects of LPS on activated NF-κBp50 translocation in vehicle-and 4F-treated MDMs over this time period. The LPS-induced translocation of NF-κBp50 was significantly reduced in cells that were pretreated with 4F compared with vehicle controls (Figure 3E ). These data further confirm the protective effect of 4F in attenuating inflammatory responses through reduced activation of NF-κB.
4F Attenuates Inflammatory Effects of LPS
Because 4F inhibited the activation and nuclear translocation of NF-κB, we next confirmed that this treatment prevented cytokine release in response to LPS (TLR4 ligand) and LTA (TLR2 ligand). Both LPS and LTA induced the secretion of interleukin-6 and tumor necrosis factor-α in conditioned medium. In contrast, 4F pretreatment attenuated the release of cytokines in response to these TLR ligands ( Figure 3F and  3G) . These data indicate that pretreatment of cells with 4F attenuates their responsiveness to LPS and LTA.
4F Treatment Depletes MDMs of Cholesterol and Caveolin 1
Our earlier results 8 suggested that 4F-mediated effects were related to disruption of lipid rafts. We further substantiated this observation by assessing cellular cholesterol content and rafts by alternate methods. Lipid rafts serve as platforms for many cell-surface receptor complexes and signaling molecules. We and others 8, 22 have shown that 4F efficiently mediates cholesterol efflux from macrophages. Incubation of MDMs with 4F (50 μg/mL) increases the efflux of cholesterol in the medium ( Figure 4A ) and significantly reduces expression of rafts on MDMs. 8 To extend these findings, changes in cell-associated cholesterol were monitored in MDMs pretreated with 4F or vehicle. As expected, cells pretreated with 4F showed a dramatic reduction in cholesterol content ( Figure 4B) . Furthermore, cellular content of caveolin-1, a raft protein that plays a key role in cell signaling and cholesterol transport, 23 was significantly reduced in 4F-treated cells ( Figure 4C) .
In related experiments, we monitored effects of methyl-β-cyclodextrin (MβCD) on LPS-mediated cytokine secretion. MβCD is a cholesterol-depleting agent that is known . These data confirm previous reports showing that MβCD inhibits LPS-mediated cytokine secretion by mouse macrophages. 24, 25 Although the cytotoxicity of MβCD necessitated a shorter exposure period than that for experiments with 4F (1 hour versus 7 days, respectively), these results support our hypothesis that cholesterol depletion and disruption of lipid rafts attenuate proinflammatory responses to LPS. It is proposed that this mechanism is an important component underlying the anti-inflammatory effects of 4F.
4F Impairs TLR4 Recycling in MDMs
After stimulation by LPS, the LPS-CD14-TLR4-MD2 complex is rapidly internalized, along with the cholesterol-rich lipid raft domain to the Golgi, and is recycled to the plasma membrane. 26 Because we reported that surface TLR4 and CD14 in MDMs are reduced by 4F, 8 we next investigated the effect of 4F on TLR4 recycling. A representative graph showing the effect of LPS on cell-surface TLR4 expression as a function of time is depicted in Figure 5 . MDMs (n=3) were treated with LPS for the times indicated in Figure 5 , and the cell-surface expression of TLR4 was monitored by flow cytometry. Freshly isolated monocytes rapidly lose surface TLR4 (5-15 minutes) but recover within 1 to 2 hours after LPS stimulation (data not shown). Adherent MDMs exhibit a similar response to LPS ( Figure 5 ). In contrast, MDMs treated with 4F had significantly lower basal levels of TLR4 (Figure 5 ), consistent with Figure 1 and, importantly, did not regain their surface TLR4 expression within 120 minutes after LPS stimulation. Because CD14, MD2, and lipid rafts play a role in the recycling phenomenon, it is possible that the 4F-mediated decrease in CD14 and MD2 (Figure 2 ) may prevent the reassembly of the TLR4-ligand complex.
Discussion
The ability of the apoA-I mimetic peptide 4F to reduce the expression of proinflammatory mediators is thought to provide the basis for its protective effects in a wide array of disease states. 27 We previously reported that 4F reduces inflammation and improves survival in animals with experimental sepsis. 28 Sepsis complications arise in response to the release of components of Gram-negative and Gram-positive bacteria in circulation. LPS is a component of the outer membrane of Gram-negative bacteria that induces gene expression 29 and activates an inflammatory signaling cascade via binding to TLR4. 19 Similarly, LTA is released from the membrane of Gram-positive bacteria and engages TLR2 receptors. TLRs are pattern recognition receptors that induce immune responses by recognizing PAMPs. TLR binding induces signaling cascades that transmit the PAMP recognition signal from the cell membrane to the nucleus. Although TLR2 and TLR4 are activated by different ligands, their signaling pathways converge, leading to the activation of NF-κB. 19 In the present study, we show that 4F not only attenuates the expression of TLR1, 2, 4, 5, and 6 in LPS-treated MDMs but also inhibits the expression of important adaptor molecules in the MyD88-dependent and MyD88-independent pathways. MyD88 is one of the well-studied adaptor molecules that plays a crucial role in TLR signaling for all TLRs except TLR3. Studies by Kawai et al showed that responses to TLR2, TLR4, TLR7, and TLR9 ligands were abolished in MyD88 knockout mice. 18 However, TLR3-and TLR4-mediated signaling via an MyD88-independent pathway has also been observed. Ligand binding to TRIF mediates TLR3-induced regulated and normal T cell expressed and secreted production as well as TLR4-mediated MyD88-independent tumor necrosis factor-α synthesis. 19 Our studies show that pretreatment with 4F significantly downregulated MyD88 in LPS-treated MDMs.
The downregulation of TLR2 and TLR4 and their downstream genes, MyD88, interleukin-1 receptor-associated kinase 4, TRAF6, TRAF3, and mucosa-associated lymphoid tissue lymphoma translocation protein 1, by 4F would be expected to decrease the responsiveness of MDMs to LPS and LTA. Indeed, we found that 4F inhibited the LPS-induced phosphorylation and nuclear translocation of NF-κB subunits and the secretion of interleukin-6 and tumor necrosis factor-α in these cells. This is consistent with our previous observation that 4F administration reduces inflammatory injury in rodent models of sepsis. 28 Because different TLRs are activated by different ligands, 19 our data further suggest that 4F may attenuate the response of macrophages to a variety of PAMPs.
In the present study, monocytes were isolated from blood of healthy donors and cultured under conditions that yield MDMs, as described under Methods section. No information was provided by the vendor regarding age, sex, ethnicity, and potential risk factors of donors, and a phenotypic characterization of freshly isolated monocytes was not performed. The possibility that a given blood sample may favor a monocyte subpopulation represents a potential limitation of the study. To overcome this limitation, experiments were repeated multiple times with cells from different donors. We previously reported that these culture conditions yield MDMs that display characteristics of M1 macrophages. 8 Furthermore, 4F treatment induced an antiinflammatory phenotype in these monocyte-derived cells. By virtue of its high affinity for lipids, 4F mediates cholesterol and phospholipid efflux from plasma membranes. 8 Depletion of cholesterol disrupts lipid rafts, membrane microdomains rich in cholesterol, and sphingolipids that serve as platforms for cell-surface signaling complexes. 30 Thus, modulation of lipid rafts may directly alter both cell responsiveness and underlying patterns of gene expression. This is supported by our observation that the 4F-mediated disruption of lipid rafts in MDMs was associated with the differentiation of these cells to an anti-inflammatory M2 phenotype. 8 To elucidate the mechanisms underlying the anti-inflammatory effects of 4F, we now show that 4F-treated MDMs are less responsive to LPS than vehicle-treated cells and that this change was associated with major differences in gene expression. Downregulation of the TLR signaling pathway by 4F may permit a functional host defense response, while attenuating inflammatory injury at the cellular level, as has been recently shown in human intestinal macrophages where inhibition of NF-κB signaling prevents intestinal macrophage release of proinflammatory cytokines but does not inhibit host bactericidal function. 13 Similar to our observation with 4F-treated MDMs, a decrease in the expression of TLR2 and TLR4, downregulation of MyD88, and impairment of NF-κB phosphorylation/translocation were observed in intestinal macrophages compared with blood monocytes. 13 The role of lipid rafts in cell signaling has been studied by manipulating cellular cholesterol levels by either depletion or loading of cholesterol. A direct association between raft cholesterol levels and cell responsiveness to TLR2 and TLR4 ligands has been demonstrated in primary mouse macrophages. 17, 31 Zhu et al 17 showed that macrophages from macrophage-specific ATP-binding cassette transporter A1 null (Abca1 −M/−M ) mice accumulate significantly more free cholesterol than those from wild-type mice and were more responsive to TLR2, TLR4, TLR7, and TLR9 ligands. The hyperresponsiveness to LPS noted in this study was ascribed to an increase in the cholesterol content of rafts and the concentration of TLR4 receptors in these structures. 17 In the present study, we show an association among cholesterol efflux, lipid raft disruption, and decreased expression of TLR4, CD14, and MD2. Our data further suggest that raft cholesterol influences TLR4 recycling, because cholesterol depletion by 4F attenuated this response. This is consistent with previous studies demonstrating that raft-disrupting drugs inhibit TLR recycling. 32 Cholesterol depletion thus favors an anti-inflammatory phenotype in macrophages by reducing the assembly of TLR4 in lipid rafts and downregulating TLR4-MyD88-dependent and TLR4-MyD88-independent signaling in these cells.
Inflammation plays a key role in preventing microbial injury. However, unregulated activation of TLR-induced responses may lead to sepsis, atherosclerosis, Alzheimer disease, and certain cancers. 12 Results of the present study show that 4F regulates the recognition of PAMPs by downregulating TLRs and downstream adaptor proteins, thus attenuating inflammatory signaling via the MyD88-dependent and MyD88-independent pathways. Activation of the TLR pathway by LPS is dependent on the colocalization of TLR4 and CD14 in lipid rafts. 33 The formation of this functional complex permits the activation of downstream signaling intermediates that culminate in NF-κB activation and the synthesis of proinflammatory cytokines. Data presented in the present study show that 4F disrupts lipid rafts by effluxing cholesterol and phospholipids. It is proposed that this inhibits the formation of a functional TLR4-CD14 complex, thus preventing the upregulation of LPS-responsive genes and activation of NF-κB signaling. These events are summarized in Figure 6 . Results of the present study may explain, in part, the protective effect of 4F in multiple disease states associated with acute and chronic inflammation.
